Heightened juvenile cortical plasticity declines into adulthood, posing a challenge for functional recovery following brain injury or disease. A network of inhibition is critical for regulating plasticity in adulthood, yet contributions of interneuron types other than parvalbumin (PV) interneurons have been underexplored. Here we show Lypd6, an endogenous positive modulator of nicotinic acetylcholine receptors (nAChRs), as a specific molecular target in somatostatin (SST) interneurons for reactivating cortical plasticity in adulthood. Selective overexpression of Lypd6 in adult SST interneurons reactivates plasticity through the α2 subtype of nAChR by rapidly activating SST interneurons and in turn inhibiting sub-population of PV interneurons, a key early trigger of the juvenile form of plasticity. Chemogenetic activation of SST interneurons confirms the causal role of SST interneuron activity in reactivating plasticity. Collectively, we identify the Lypd6-nAChRα2 system and associated SST-PV disinhibitory microcircuit as the novel SST interneuron-specific targets for reactivating plasticity in adulthood. This provides potential insights into therapeutic strategies against disorders where recovery is limited due to diminished plasticity in adulthood, such as amblyopia and psychiatric disorders characterized by deficits in SST interneurons.
Introduction
Experience-dependent brain plasticity is heightened during juvenile critical periods but this declines into adulthood, which poses a major challenge to functional recovery following injury or disease later in life 1, 2 . A prevailing concept of therapeutic strategy to support restoration of function from such enduring debilitating conditions is to reactivate juvenile-like levels of heightened plasticity in the adult brain. One of the best-studied models of critical period plasticity is ocular dominance plasticity -the enduring loss of responsiveness in primary visual cortex (V1) to an eye deprived of vision 3 that results in amblyopia, a disorder of sight with limited treatment options in adulthood that affects 2-4% of the human population. The ocular dominance plasticity model has long served to not only to advance our understanding of the fundamental regulatory mechanisms of critical periods, but also importantly to facilitate the discovery of novel targets to achieve reactivation of visual plasticity in adulthood.
Over the past decade, with the advent of gene targeting in mice [4] [5] [6] [7] , the network of cortical inhibition was elucidated as one of the critical mechanisms for regulation of visual plasticity. The developmental initiation of the critical period can be accelerated or delayed by genetically or pharmacologically altering GABAergic inhibition in visual cortex [8] [9] [10] [11] [12] [13] [14] [15] [16] . Following critical period closure in the adult cortex, plasticity can be induced through pharmacological suppression of GABA A receptors 17 or through the transplantation of GABAergic precursors derived from the medial ganglionic eminence (MGE) [18] [19] [20] . To date, the role of GABAergic signaling in cortical plasticity has largely focused on parvalbumin (PV) interneurons 15, 18, [21] [22] [23] , where a number of known molecular mediators of plasticity appear to converge including orthodenticle homeobox protein 2 (otx2) 15, 24 and perineuronal nets 23 . A recent report has shown that PV interneuron activity is reduced during the initial 24 hours following visual deprivation only during the juvenile critical period but not in adulthood. Mimicking this early reduction in firing using chemogenetic means in adult animals led to reactivation of plasticity,
suggesting that PV interneuron activity may be instructive for plasticity in visual cortex 22 . While their importance for plasticity in the visual cortex is undeniable, PV interneurons represent only one member
Neuronal overexpression of Lypd6 prolongs ocular dominance plasticity into adulthood
First, we compared the expression profiles of Lypd6 between adult V1, where plasticity is limited, versus that of juvenile critical period. We performed in situ hybridization to label Lypd6 mRNA in V1 of mice at P28 (critical period) and >P60 (adult). We found that Lypd6 expression is significantly lower in the adulthood compared to juvenile period, which inversely correlates with the extent of ocular dominance plasticity (Fig. 1a, 1b) . While Lypd6 expression was even higher at P18 (pre-critical period) (p18: 244.91 +/-19.28 normalized to p60 data in Fig. 1a , p<0.05 vs P28 or adult), interpretation of Lypd6 contribution to nicotinic signaling during the pre-critical period is confounded by various additional developmental changes that could impact nicotinic signaling beyond Lypd6 (e.g. nAChRs, cholinergic projections) 45 .
Based on this declined Lypd6 expression in adult V1, we tested if overexpression of Lypd6 in adulthood could prolong ocular dominance plasticity beyond the V1 critical period, by utilizing a transgenic mouse line with pan-neuronal overexpression of Lypd6 (Lypd6Tg) 43 . Following a 4-day short-term monocular deprivation of the contralateral eye (4d MD), ocular dominance plasticity was assessed in anesthetized mice using a 16-channel linear silicone probe 46 ( Fig. 1c) . Each recorded V1 neuron was assigned an ocular dominance (OD) score based on the relative balance of the neuron's visually evoked responses to the visual stimulus independently presented to the contralateral and ipsilateral eye. Adult Lypd6Tg mice that underwent 4d MD displayed an overall significant shift in eye preference of the V1 (OD shift), away from the deprived contralateral eye and towards the non-deprived ipsilateral eye compared to adult Lypd6Tg mice that did not undergo any visual deprivation (no MD) or adult wild type (WT) mice that typically display no significant levels of plasticity regardless of visual deprivation (Fig. 1d ). Cumulative distributions of ocular dominance index scores (ODI: -1=most
ipsilateral dominant, 0=equal/binocular, 1=most contralateral dominant) for each recorded neuron from each cohort show a significantly higher percentage of single neuronal responses that are relatively ipsilateral dominant in the Lypd6Tg 4d MD mice compared to control groups (Fig. 1e ). Lastly, individual animal level comparisons of contralateral bias index (CBI) scores -the relative strength to which the visually evoked activity of V1 neurons from the contralateral eye dominates over that from the ipsilateral eye, show a significant decrease only in the Lypd6Tg 4d MD mice (Fig 1f) . Altogether the results suggest that Lypd6 is a novel positive regulator of ocular dominance plasticity.
Lypd6 expression specifically in SST interneurons reactivates ocular dominance plasticity in adult V1
While the aforementioned experiments outline the sufficiency of neuronal overexpression of Lypd6 for prolonging ocular dominance plasticity into adulthood, the transgenic line does not provide temporal, spatial, or cell type information regarding this effect. In order to address these questions, we developed a Cre-dependent AAV vector for overexpressing Lypd6 (AAV8-DIO-EGFP-2A-Lypd6: AAVLypd6) (Fig. 2a) . Our previous study established that Lypd6 is most highly expressed in SST interneurons in V1 with lower expression in a subset of glutamatergic neurons 42 . Therefore, we characterized Lypd6 overexpression in V1 SST interneurons through viral injection of AAV-Lypd6 into adult SST-cre mice, and in V1 glutamatergic neurons through dual viral injection of AAV-Lypd6 and an AAV with a Cre expression vector driven by a CamKII promoter (AAV8-CamKIIa-mCherry-Cre: AAVCamKII-cre) into adult WT mice as it was done in previous reports 29, 47 . The viral injections were adjusted to target the deep cortical layers in the area where the endogenous expression of Lypd6 has been previously reported to be localized 42 . The two viral injection conditions resulted in GFP expression restricted to either SST or glutamatergic populations, but overall both conditions presented robustly increased expression of Lypd6 in V1 (Fig. 2b, c, d , and Supplementary Fig. 1 ).
Next, we assessed the ability of SST or glutamatergic overexpression of Lypd6 in V1 of adult animals to induce ocular dominance plasticity. We injected AAV-Lypd6 or control AAV vector (AAV8-hSyn-DIO-EGFP: AAV-GFP) into adult SST-cre mice and, after >3 weeks of viral incorporation, subjected them to 4d MD (Fig. 2e) . In adult mice with SST-specific Lypd6 overexpression that underwent 4d MD (SST-Lypd6 4d MD) there was a significant OD shift compared to non-deprived (no MD) counterparts (SST-Lypd6 no MD) or control 4dMD mice injected with AAV-GFP (SST-GFP 4d MD) (Fig. 2f) . To test whether glutamatergic overexpression of Lypd6 would also induce plasticity in adult mice, we injected a viral cocktail of AAV-CamKII-cre with either AAV-Lypd6 or AAV-GFP into V1 of adult WT mice and, after >3 weeks, subjected them to 4d MD (Fig. 2e) . The viral cocktail approach resulted in 93.2% of successfully co-transfected (GFP-positive) cells as positive for the excitatory cell marker vGlut1 ( Supplementary Fig. 1c.) , and 52.2% of total vGlut1-positive population as GFP-positive ( Supplementary Fig. 1d ). We did not observe a significant shift in OD in mice with glutamatergic overexpression of Lypd6 that underwent 4d MD (CamKII-Lypd6 4d MD) or in either of control counterparts (CamKII-Lypd6 no MD and CamKII-GFP 4dMD) (Fig. 2f) . The cumulative distributions of ODI also show only a significant shift in the SST-Lypd6 4d MD mice (Fig. 2g) . Lastly, comparisons of CBI scores show a significant decrease only in the SST-Lypd6 4d MD mice (Fig. 2h) . Altogether, robust plasticity was measured only in the deprived mice that were overexpressing Lypd6 specifically in SST interneurons. These results suggest that SST interneurons are critical for Lypd6-mediated reactivation of plasticity in adult V1. Furthermore, the temporal and spatial restrictions of viral injections imply that overexpression of Lypd6 directly in V1 after the closure of critical period plasticity is sufficient for the induction of robust plasticity in adulthood.
α2 nicotinic acetylcholine receptor subunit is required for reactivation of ocular dominance plasticity
We next aimed to determine the nAChR subtype required for reactivation of V1 plasticity mediated by Lypd6 in SST interneurons. In the hippocampus the SST-positive oriens-lacunosum moleculare (O-LM) interneurons, which are physiologically similar to a subpopulation of cortical SSTexpressing Martinotti interneurons 48 , express Lypd6 as well as α2-subunit-containing nAChR (nAChRα2), which is the most sparsely expressed nAChR subtype in the brain and features a unique non-desensitizing characteristic 39, 42 . In the cortex, the punctate expression pattern of nAChRα2 subunit concentrated in deep cortical layers 49 highly resembles that of cortical Lypd6 42 . Indeed, in situ hybridization for Lypd6 and Chrna2 mRNA revealed that 79% of nAChRα2-positive cells also express Lypd6, and that nAChRα2 subunit is expressed on more than 53% of Lypd6-positive cells (Fig. 3a-c) .
Furthermore, while 23% of SST-positive cells overlapped with cells expressing nAChRα2, 95% of nAChRα2-positive cells overlapped with SST-positive cells (Fig. 3 d-f ). Consistent with a recent single cell RNA sequencing study in adult V1 50 , no overlaps were observed between nAChRα2 and VIP or vGlut1 -the markers of vasoactive intestinal peptide-expressing interneurons and pyramidal cells (data not shown). Together this confirms strong preferential co-expression of Lypd6 and nAChRα2 in a subpopulation of SST interneurons.
Due to this high degree of co-localization between Lypd6, a modulator of non-α7 nAChRs 43 , and nAChRα2 we examined whether ablation of nAChRα2 could eliminate ocular dominance plasticity induced by SST-specific overexpression of Lypd6. To accomplish this, we created a bigenic SSTcre/Chrna2KO mouse line to allow SST-specific Cre-recombinase expression on a background of Chrna2 knockout (Chrna2KO: α2KO) 51 . We then injected AAV-Lypd6 into V1 of adult SST-cre/α2KO bigenic mice, allowed >3 weeks for viral incorporation, and assessed ocular dominance plasticity after 4d MD (Fig. 3d) . Intriguingly, ablating nAChRα2 (SST-Lypd6/α2KO 4d MD) eliminated the robust plasticity induced through SST-specific Lypd6 overexpression in adult V1. Unlike the adult SST-Lypd6 4d MD mice, adult SST-Lypd6/α2KO 4d MD mice as well as deprived and non-deprived adult α2KO mice (α2KO 4d MD and α2KO no MD) did not show significant shifts in OD (Fig. 3e) , cumulative distributions of ODI (Fig. 3f) , or significant decreases in CBI (Fig. 3g) . These findings strongly suggest the requirement of nAChRα2 in the induction of plasticity by Lypd6 in SST interneurons.
To further investigate the physiological role of nAChRα2 in regulating plasticity in adult V1, we turned to a condition known for modulating SST interneuron activity as well as reactivating V1 plasticity.
Voluntary physical exercise through the use of a running wheel was recently shown to induce juvenile form of plasticity in adult mice 52 . Interestingly, locomotion is also known to modulate SST interneuron activity [29] [30] [31] [32] [33] . We therefore examined the functional contribution of nAChRα2 in this model of adult reactivation of V1 plasticity. When allowed voluntary exercise (+Running) on a running dish during the 4d MD (Fig. 3h) , adult WT mice (WT 4d MD, +Running) displayed a significant shift in ocular dominance, consistent with the aforementioned published study 52 . However, adult α2KO mice subjected to the same condition (α2KO 4d MD, +Running) did not show significant shifts in OD (Fig. 3i) , cumulative distributions of ODI (Fig. 3j) , or significant decreases in CBI (Fig. 3k) Collectively, these results suggest that the voluntary-exercise-induced model of V1 plasticity requires nAChRα2, further signifying the critical role of nicotinic signaling through nAChRα2 in reactivating plasticity in adulthood.
Lypd6 expressed in SST interneurons increases their activity to drive ocular dominance plasticity
Having ascertained that the effect of Lypd6 in reactivating V1 plasticity is regulated through SST interneurons, we investigated the plasticity mechanisms in these cells as well as downstream circuits.
Cortical SST interneurons are known to provide inhibitory local inputs onto PV interneurons 28, [53] [54] [55] [56] [57] and inhibit them twice as potently they do pyramidal neurons in mouse V1 58 . As rapid reduction in PV interneuron firing during the first day of MD is a unique trigger of V1 plasticity during the critical period 22 ,
we examined whether adult overexpression of Lypd6 in SST interneurons can increase their activity and in turn suppress PV activity during the first day of MD.
First, to directly evaluate how overexpression of Lypd6 in SST interneurons affects their activity, we used channelrhodopsin-2 (ChR2) as an optogenetic tag to allow identification of visually evoked cells as SST interneurons based on whether they can also be activated by optogenetic stimulation (Fig.   4a, b) . We targeted expression of ChR2 specifically in SST interneurons by injecting AAV with Credependent expression of ChR2 (AAV1-dflox-hChR2(h134R)-mCherry-WPRE-hGH: AAV-ChR2) into adult SST-Cre mice along with either AAV-Lypd6 (SST-Lypd6) or AAV-GFP (SST-GFP) and, after >3
weeks of viral incorporation, subjected the mice to 24 hours of monocular deprivation of the contralateral eye (1d MD) (Fig. 4c) . Considering the physiological context of endogenous Lypd6 expression in deep cortical layers, we restricted our analyses to only the SST interneurons recorded from the lower half of the 16-channel linear silicone probe in an effort to focus on the SST interneurons of lower layer IV, layers V, and VI. In adult SST-Lypd6 mice that underwent 1d MD (SST-Lypd6 1d MD),
there was a significant increase in the visually evoked firing rate of SST interneurons compared to 1d
mice when statistically analyzed using a linear mixed model (LMM; for details See Methods -Statistical analysis) that considers "animal" as a variable with random effect, and "genetic manipulation" (-GFP or -Lypd6) and "experience" (1d MD or no MD) as variables with fixed effects (Fig. 4d, To then determine the causal role of rapid increase in SST interneuron activity itself in mediating plasticity, we examined if chemogenetic activation of SST interneurons strictly during the first day of monocular deprivation alone can reactivate plasticity ( Fig. 4f and Supplementary Fig. 3 ). Adult SST-cre mice were injected with an AAV with Cre-dependent expression of excitatory Gq protein-Designer
Receptors Exclusively Activated by Designer Drugs (AAV8-hSyn-DIO-hM3D(Gq)-mCherry: AAVGqDREADD) 59 . In mice given Clozapine-N-Oxide (CNO), to activate SST interneurons during the first day of the 4d MD (CNO+), there was a significant OD shift compared to mice that received control saline injections (CNO-) (Fig. 4g ). The cumulative distributions of ODI show a significant shift in CNO+ mice compared to CNO-mice (Fig 4h) . Comparisons of CBI scores show a significant decrease only when SST interneurons were activated by injection of CNO (Fig. 4i) . Together, these results imply a novel role for SST interneuron activity in reactivating a juvenile form of plasticity in adult V1.
Lypd6 expressed in SST interneurons suppresses PV interneuron activity to drive ocular dominance plasticity
Finally, we aimed to elucidate the consequence of Lypd6-mediated elevation in SST activity upon PV interneuron activity. In adult SST-cre mice, we injected AAV-Lypd6 (SST-Lypd6) or AAV-GFP (SST-GFP) and, after >3 weeks of viral incorporation, subjected the mice to 1d MD ( Fig. 5a ). We putatively determined the cell type identity of visually evoked PV interneurons using spike shape-based classification. Visually evoked cells were sorted into two categories: putative fast-spiking PV (pFS) neurons defined by a narrow spike waveform that is an electrophysiological characteristic unique to PV interneurons, or regular-spiking neurons (RS) ( Supplementary Fig. 4d , e).
In adult SST-Lypd6 mice that underwent 1d MD (SST-Lypd6 1d MD), LMM showed a trending reduction in pFS neuron firing rates with no statistical significance compared to all control groups (Fig. 5b, c), likely reflecting a broad distribution of firing rates among pFS neurons. As it appeared that less pFS neurons of higher visually evoked firing rates were observed after 1d MD in adult SST-Lypd6 mice, we systematically binned normalized firing rates to determine the largest separation of firing rates between adult SST-Lypd6 and SST-GFP groups and compared the fractions of pFS neurons with firing rates higher than the separation. Using one-way analysis of variance at animal level, we found a significant reduction in the fraction of pFS neurons of higher firing frequency in adult SST-Lypd6 1d MD mice ( Fig. 5d ). This suggests an experience-dependent drop in firing rate of PV interneurons when Lypd6 is overexpressed in adult SST interneurons. Furthermore, the distributions of pFS neuron firing rates that are broader than those of SST interneurons in our data suggest that sub-populations of PV interneurons may particularly be impacted by SST-specific Lypd6 overexpression. With respect to baseline firing rates, no significant differences were observed (SST-Lypd6 1d MD (2.06 spikes/sec) vs.
SST-GFP 1d MD (2.55 spikes/sec): P=0.86, vs. SST-Lypd6 no MD (3.08 spikes/sec): P=0.49, LMM).
Altogether these results may suggest an interactive effect of overexpression of Lypd6 and sensory experience in rapidly decreasing PV interneuron activity.
To determine the causal role of PV interneuron activity in robust plasticity regulated by Lypd6, we examined if chemogenetic restoration of PV interneuron activity during the first day of deprivation can prevent robust plasticity regulated by Lypd6 overexpression ( Fig. 5d and Supplementary Fig. 4 ).
We created a bigenic Lypd6Tg/PV-cre mouse line to allow PV-specific Cre-recombinase expression on a background of pan-neuronal Lypd6 overexpression. Adult Lypd6Tg/PV-cre mice were injected with AAV-GqDREADD. In mice injected with CNO to activate PV interneurons during the first day of the 4d MD (CNO+), there was a significant blockage of ocular dominance plasticity compared with mice that received control saline injections (CNO-) (Fig. 5g) . The cumulative distributions of ODI show that the shift is significantly eliminated in CNO+ mice compared to CNO-mice (Fig. 5h) . Comparisons of CBI scores show a blockage of decrease only in CNO-injected mice where PV interneurons were activated (Fig. 5i) . While we cannot fully rule out the possibility that the suppression of V1 responses by chemogenetic activation of PV interneurons partly contributed to the blockage of plasticity, together these results implicate the role of Lypd6 in potentiating SST activity to engage an SST interneuronbased inhibition of PV interneurons -a novel inhibitory-inhibitory microcircuit, to induce a juvenile form of plasticity in the adult V1.
Discussion
Our study identifies an endogenous nAChR modulator, Lypd6, and its action through nAChRα2
as the first targetable SST interneuron-specific molecular mechanism for reactivating plasticity in the adult cortex. As SST interneurons are known to be modulated by alteration of visual inputs 27 , neuromodulation induced by locomotion [29] [30] [31] [32] [33] , and top-down regulation [34] [35] [36] , the Lypd6-nAChRα2 system is ideally situated to gate these multiple modulatory inputs onto SST interneurons to regulate plasticity. Having demonstrated the Lypd6-nAChRα2 system as a molecular target for restoring plasticity in the adult brain, it would be necessary for future studies to first investigate the mechanistic details of the action of Lypd6 on nAChRα2 in SST interneurons, and then determine to what extent this system is relevant in regulating plasticity in the juvenile cortex. Finally, our study provides critical knowledge underlying the molecular and circuit means for the induction of plasticity in the adult visual cortex, which can unveil insights into establishing new therapeutic targets and strategies for treating disorders where potential for recovery is limited due to diminished plasticity. Therefore it is imperative for future long-term efforts to aim towards the development of agonists with high specificity for nAChRα2 to test as drug candidates in disease models such as one for amblyopia.
Lypd6, like several members of the Lynx family 41 , is membrane tethered through a glycophosphatidylinositol (GPI)-anchor and is known to positively modulate nicotinic signaling 43 . Our results from SST interneuron-specific Lypd6 overexpression on a background of Chrna2 knockout suggest that the primary mechanism for Lypd6-based initiation of plasticity is mediated specifically through nAChRα2s. However, Lypd6 may also mediate additional mechanisms unrelated to nicotinic signaling 60 . While the subcellular localization of Lynx proteins has not been fully elucidated, there are evidences that show they potentially localize to synaptic compartments to modulate nAChRs 61 62 .
Lypd6 may facilitate the activation of SST interneurons by impacting postsynaptic nicotinic modulation of excitatory synaptic input onto SST interneurons, such as in the case of hippocampal CA1 O-LM interneurons where nAChRα2 and their non-desensitizing features are critical for gating LTP through receptor-mediated calcium influx 39 . Alternatively, Lypd6 may modulate nicotinic signaling at presynaptic SST terminals to facilitate the release of GABA 63 . Nevertheless, either potential mechanism may achieve the facilitation of SST interneuron activity -physiological condition that we confirmed, through chemogenetic activation of SST-interneurons, to be a trigger of robust plasticity (Fig.   4 ). Proper antibodies suited for immunohistochemical analyses of Lypd6 and nAChRα2 are both currently unavailable. However, future studies may benefit by applying recently developed technologies, such one that uses in vivo genome editing 64 to label endogenous Lypd6 or nAChRα2 protein and visualize them at resolutions as high as the synaptic level. Such method would reveal finite details regarding their interaction as well as any other endogenous mechanisms governed by Lypd6.
Our study highlights Lypd6-and nAChRα2-expressing SST interneurons located in deep layers of V1 as a key cellular target for reactivating plasticity in adulthood through nicotinic neuromodulation.
Previous studies have reported mixed results regarding the question of whether nicotinic signaling directly affects SST interneurons. While some studies reported clear nicotinic responses in neocortical SST interneurons 65 66 28 , some have reported otherwise 67 68 . This discrepancy may reflect the observation that expression of Lypd6 and nAChRα2 is selectively expressed in a subpopulation of SST interneurons located in deep cortical layers (layers 5 and 6) but not of those in layer 2/3 50 42 . It is possible that such a minor subpopulation of deep layer Lypd6-expressing SST interneurons was not well represented in the previous negative reports. For example Gulledge et al. 66 reported that 30% of SST interneurons in layer 5 rat V1 responded to nicotine, which is consistent with the percentage of SST cells expressing Lypd6 and nAChRα2 (Fig. 3) . While the expression of Lypd6 and nAChRα2 are limited to a subpopulation of deep layer cortical SST interneurons, the unique non-desensitizing nature of nAChRα2 allows continual activation and calcium entry in the presence of Ach 39 , making the nAChRα2 highly suited for driving cortical plasticity through elevation of nicotinic tone with Lypd6 or by receiving cholinergic inputs through locomotion. The SST-interneurons in deep cortical layers are also reported to project widely to almost all cortical layers and types of neurons 69 , which can potentially contribute to widespread distribution of the drive for cortical plasticity exerted through nAChRα2.
Overall our study highlights the SST interneuron that expresses Lypd6 and nAChRα2 as a cellular target of nicotinic neuromodulation for reactivating cortical plasticity in the adult V1. More mechanistic insight into the physiological action of ACh and Lypd6 on nAChRα2 signaling can be expected in future studies by taking full advantage of the recently developed mouse lines with selective expression of Cre recombinase in subpopulations of SST interneurons 38 70 . This should be combined with future development of a new ChAT-ChR2 transgenic mouse line that avoids abnormally high endogenous cholinergic tone 71 , to allow proper optogenetic modulation of endogenous Ach release. Finally, as our study resonates with the current understanding of the profound functional diversity of SST interneurons that has been steadily developing in recent years, we anticipate an impetus for development of selective nAChRα2-selective antagonists for acute pharmacological modulation, for they would become crucial tools for further investigating the functional role of the subpopulation of nAChRα2-expressing SST interneurons in the cortical circuit.
Our findings establish a novel circuit mechanism -SST interneuron-mediated inhibition of PV interneurons, for triggering a juvenile form of plasticity in adulthood. To our knowledge, this is the first evidence implicating the role of the SST-PV disinhibitory microcircuit in modulating cortical plasticity.
We demonstrated that the overexpression of Lypd6 in SST interneurons leads to reduced activity in sub-population of PV interneurons, similar to what is typically observed specifically in juvenile mice after 1 day of visual deprivation 22 . Interestingly, a recent study showed that silencing SST interneurons for the entirety of 5 days of visual deprivation could induce some level of cortical plasticity in adulthood.
However the nature of plasticity measured in that study was that of an adult form, characterized by an elevation of open ipsilateral eye response but no reduction of the deprived contralateral eye responsethe latter is required to define a juvenile form of plasticity 26 . Nevertheless, collectively these studies highlight the capabilities of SST interneurons in engaging both a homeostatic adult form of plasticity 26 and a rapid form of juvenile like-plasticity 22 , depending on the level of SST interneuron activity (reduced or enhanced) and the timing of activity change (during the initial phase within 1 day or later homeostatic phase after 5 days). This reflects the placement of the SST interneuron in the cortical circuit as a versatile integrator of a variety of inputs. Consistently, recent studies demonstrated that SST interneurons in V1 could either be activated or suppressed by neuromodulation triggered by locomotion depending on the context of the visual environment [29] [30] [31] [32] [33] . Specifically, locomotion enhances overall SST interneuron activity when the mouse is presented with large visual input 29, 30 including a fullfield gray screen 31 . On the other hand, SST interneurons are largely non-responsive to small visual inputs 30 or are suppressed in darkness by the inhibitory action of the VIP interneurons 29 32 . Here in our study we propose a model whereby the Lypd6-nAChRα2 system may function as a molecular switchboard for SST interneurons to shift modes and activate the SST-PV disinhibitory circuit 38, 72 . This mechanism then serves to trigger a juvenile form of plasticity 22 while suppressing an adult form of plasticity mainly through reduction of inhibitory action of SST interneurons upon the distal dendrites of pyramidal neurons 26, 73, 74 that would normally be engaged through an nAChRα2-independent VIP-SST disinhibitory circuit 26 . In this model, both SST-PV and VIP-SST disinhibitory circuits can co-exist to play complementary roles in the modulation of plasticity, depending on the context and states of the adult brain. While SST interneurons are known to exhibit maturation towards the end of the critical period in V1 75 , the differential contributions of SST-PV and VIP-SST circuits in regulating plasticity between critical period and adulthood remains unknown. It also remains to be determined how neuromodulation of SST interneurons change from critical period to adulthood to regulate plasticity.
The potential for signaling through nAChRα2 and its modulation by Lypd6 to induce plasticity in the adult cortex opens up the possibility of targeting this receptor for therapeutic interventions. The selective expression of both Lypd6 and nAChRα2 in SST interneurons make them attractive novel therapeutic targets with the potentially fewer off target effects [76] [77] [78] than interventions directed against more non-specific targets (e.g. more abundant nicotinic subunits), which are ideal for treating conditions such as amblyopia, stroke, and traumatic brain injury where hope for recovery is thin due to diminished plasticity. There have been recent reports of positive allosteric modulators with significantly higher specificity for nAChRα2 [76] [77] [78] 
Methods

Animals
All mice were housed in groups of 2-5 together with the sibling groups of the same sex in standard and uniform cage sizes (199 mm x 391 mm x 160 mm: width x depth x height, GM500, Tecniplast) under a 12hr light:dark cycle (lights on at 7:00AM: lights off at 7:00PM) in a facility with constant temperature (23°C) and ad libitum access to food and water. Wild-type C57Bl/6 mice were obtained from Jackson laboratory and Charles River. Both male and female were used. Lypd6Tg mice were originally generated by A.Z. 43 , and transferred to H.M. and back-crossed to C57Bl/6.
Somatostatin-ires-cre (SST-cre: Jackson laboratory #013044), Parvalbumin-ires-cre (PV-cre: Jackson laboratory #008069), and Chrna2KO (MMRRC #30508) were purchased and bred in-house. Bigenic lines were created through targeting breeding of above strains. All animal protocols were approved by the Institutional Care and Use Committee (IACUC) at Icahn School of Medicine at Mount Sinai.
Monocular deprivation
Monocular deprivation procedure for animals that underwent either 4 day or 1 day of monocular deprivation was conducted on the contralateral eye and with ipsilateral eye left open. The mice were anesthetized with isoflurane during the entire procedure. Eyelid margins were trimmed using an iris scissor and one eye was sutured closed for one or four days. Following MD, mice were returned to their home cage prior to extracellular recording and subsequent euthanasia.
Generation and validation of AAV-Lypd6 and AAV-miR-Lypd6
Lypd6 was amplified from a cDNA library derived from whole mouse V1, subcloned into a pcDNA3.1 (-) vector. Two oligonucleotides including shRNA sequence for Lypd6 The pcDNA3.1(-)-Lypd6 vector was used as a template for the Lypd6 insert which was subsequently inserted into the pAAV-DIO-EGFP-2A vector as described above to create a pAAV-DIO-EGFP-2A-
Lypd6-WPRE-pA vector. pcDNA6.2-mGFP-miR-Lypd6 vector was subcloned into pAAV-DIO-EGFP-2A-
Lypd6-WPRE-pA vector to generate pAAV-DIO-mGFP-miR-Lypd6 (pAAV-miR-Lypd6) vector. After sequence verification, a large culture and Maxiprep isolation produced a purified vector that was sent to the UNC viral core for viral packaging using an AAV8 serotype. To confirm viral efficiency, AAVs were stereotaxically injected (see below for injection methods) into V1 of SST-cre mice. After perfusion, sections were labeled with rabbit anti-somatostatin antibodies (1:1000; Peninsula Laboratories) and the SST interneuron-specific GFP expression was confirmed. V1 was micro-dissected from an additional cohort of mice to assay overexpression or knockdown of Lypd6 through qPCR. RNA was isolated using an RNeasy lipid tissue mini kit (Qiagen) and cDNA was produced. The cDNA was subjected to qPCR analysis using a Taqman assay (Life Technologies) at the Icahn School of Medicine at Mount Sinai Quantitative PCR CORE facility.
Stereotaxic injection
Mice were isoflurane anesthetized and head-fixed in a mouse stereotaxic apparatus (Narishige).
A mid-line incision was made in the scalp and a micro-drill was used to drill a small hole in the skull 
Chemogenetic activation of hM3d(Gq) Designer Receptors Exclusively Activated by Designer
Drugs (DREADD)
Clozapine-N-Oxide (CNO; Sigma-Aldrich), a normally inert compound that specifically activates DREADD receptors, was prepared in 0.9% saline and injected i.p. into adult SST-Cre (Fig. 4f-i) or Lypd6Tg/PV-cre bigenic mice ( Fig. 5d-g ) at a concentration of 3 mg/kg. CNO or saline was injected immediately following MD and again 12 hours later for DREADD induced activation of SST or PV interneurons during the first day of MD following the previously validated protocol in mouse visual cortex 22 ( Supplementary Fig. 3, 4 ).
In vivo extracellular recording
As previous described, preparatory surgery leading to, and recording itself was performed initially under nembutal/ chlorprothixene anesthesia and then maintained with isoflurane 46 Fig. 4 ). Averaged spike waveform data for each unit was analyzed using a custom made MATLAB program to obtain a spike width time for each unit. All pFS neurons sorted and recorded were included in the analysis of their visually evoked activity.
All animals with less than 10 analyzable pFS neurons recorded were excluded. Using the same method for analyzing SST interneurons, normalized firing rates of pFS neurons were calculated from responses to contralateral/deprived eye stimulation.
Following recordings, all AAV injected mice were transcardially perfused and the extent of GFP or mCherry signal was utilized to assess the viral transduction. Only mice that exhibited GFP or mCherry signal in the recorded V1 area were included for the analysis of ocular dominance plasticity or SST/pFS neuron activity. The experimenters performed while blind to experimental conditions such as viral constructs or CNO/saline administration, but not monocular deprivation.
In situ hybridization
The production of probes and methodology for in situ hybridization has been previously described 42 . Briefly, RNA probes including a fluorescein or digoxinogen (DIG) tag were generated and antibodies (1:1000; Life Technologies). AP-conjugated-antibody-labeled mRNA was stained using HNPP/Fast Red (Roche). Imaging was performed using an LSM780 confocal microscope (Zeiss).
ImageJ was used to quantify the density of labeled pixels from each image or to examine colocalization using a color based thresholding method. For the quantification of Lypd6 mRNA expression across age in V1, pixel density (>2 standard deviations above mean intensity of full image field) was determined from low magnification images of V1 binocular zone using ImageJ software. with a cocktail of AAV-Lypd6 and AAV-CamKII-Cre, low magnification images of binocular V1 from the injected or the corresponding naïve hemisphere were analyzed for particles after thresholding. Absolute intensity for each particle was then measured as the product of mean intensity and area of particle. All absolute intensity values were summed to obtain total binocular V1 intensity, which was subsequently normalized by dividing by the µm 2 area of the V1 binocular zone. The V1 binocular zone of each image was assessed using Paxinos and Franklin's The Mouse Brain in Stereotaxic Coordinates (1997) as reference.
Quantitative PCR (qPCR)
Adult mice were deeply anesthetized with isoflurane, checked for response with paw pinch, and 
Statistical analysis
The following statistical approaches were utilized for experiments assessing ocular dominance plasticity. 2). This model considered "animal" as a variable with random effect, and "genetic manipulation"
(-GFP or -Lypd6) and "experience" (1d MD or no MD) as variables with fixed effects. For further analysis of pFS neuron activity, the normalized firing rates were systematically binned into binary "high"
and "low" firing rate categories by determining the firing rate value where the largest separation between the groups (SST-Lypd6 and SST-GFP) occurs. The fractions of pFS neurons of firing rate higher than the systematically determined separation point were then compared between groups at animal level using one-way ANOVA. Percentages were transformed using the classical arcsin transformation method to better-fit assumptions of normality and homogeneity of variance. Differences 
